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ABSTRACT
The dynamical formation of black hole binaries in globular clusters that merge due to gravi-
tational waves occurs more frequently in higher stellar density. Meanwhile, the probability to
form intermediate mass black holes (IMBHs) also increases with the density. To explore the
impact of the formation and growth of IMBHs on the population of stellar mass black hole
binaries from globular clusters, we analyze the existing large survey of Monte-Carlo globular
cluster simulation data (MOCCA-SURVEY Database I). We show that the number of binary
black hole mergers agrees with the prediction based on clusters’ initial properties when the
IMBH mass is not massive enough or the IMBH seed forms at a later time. However, binary
black hole formation and subsequent merger events are significantly reduced compared to the
prediction when the present-day IMBH mass is more massive than ∼ 104M⊙ or the present-
day IMBH mass exceeds about 1 per cent of cluster’s initial total mass. By examining the
maximum black hole mass in the system at the moment of black hole binary escaping, we
find that ∼ 90 per cent of the merging binary black holes escape before the formation and
growth of the IMBH. Furthermore, large fraction of stellar mass black holes are merged into
the IMBH or escape as single black holes from globular clusters in cases of massive IMBHs,
which can lead to the significant under-population of binary black holes merging with gravi-
tational waves by a factor of 2 depending on the clusters’ initial distributions.
Key words: globular clusters: general — stars: black holes — gravitational waves
1 INTRODUCTION
The first direct gravitational wave detection has been made in 2015
from a merger of two black holes in a binary system (Abbott et al.
2016) after Einstein’s prediction a century ago. So far, a dozen
GW detections were announced in the first two observing runs of
the LIGO-VIRGO detector network (Abbott et al. 2019), which
are all in forms of coalescence of compact binaries composed
of black holes or neutron stars (mostly black hole binaries but
a couple of neutron star binaries including GW170817 and
GW1904251; Abbott et al. 2017, 2020). There have been several
mechanisms suggested for the formation of black hole binaries
as gravitational wave sources: binary stellar evolution of isolated
binaries (Belczynski, Kalogera & Bulik 2002; Belczynski et al.
2007; Dominik et al. 2012), three-body binary formation in
the dense stellar systems (Portegies Zwart & McMillan 2000;
⋆ hongjs@yonsei.ac.kr (JH); sjyoon0691@yonsei.ac.kr (SJY)
1 The probability that it is a black hole and neutron star binary is still not
ruled out
O’Leary et al. 2006; Banerjee, Baumgardt & Kroupa 2010;
Downing et al. 2011; Bae, Kim & Lee 2014; Morscher et al.
2015; Park et al. 2017; Kumamoto, Fujii & Tanikawa 2019;
Stone & Leigh 2019; Di Carlo et al. 2019; Kremer et al. 2020),
gravitational radiation capture (O’Leary, Kocsis, & Loeb 2009;
Hong & Lee 2015; Bae et al. 2017; Samsing & D’Orazio 2018;
Samsing et al. 2020) and Kozai-Lidov mechanism in hierar-
chical triple systems (Aarseth 2012; Antonini & Perets 2012;
Gonda´n et al. 2018; Rodriguez & Antonini 2018). In the context
of formation environments, the field formation is considered as
the most dominant contributor (e.g. Belczynski et al. 2016, 2020)
but the dynamical formation in dense environments becomes
more important as gravitational wave events with possibilities of
repeated mergers were discovered (Kimball, Berry & Kalogera
2020; Rodriguez et al. 2020). Many more detections are expected
during the next observing run due to huge improvements in
detection sensitivity and cooperation of multiple detectors over
the world. Since different formation channels can cause dif-
ferent physical properties of coalescing binaries, such as spin,
total mass, mass ratio and orbital eccentricities (Hong & Lee
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2015; Amaro-Seoane & Chen 2016; Samsing & D’Orazio 2018;
Rodriguez et al. 2018; Bouffanais et al. 2019; Arca Sedda et al.
2020; Belczynski et al. 2020), accumulation of detection will be
able to shed light on the formation history of gravitational wave
sources.
Dense stellar systems such as globular clusters and nuclear
star clusters in galactic centres are very efficient birth places for
gravitational wave sources in spite of their relatively small mass
fraction in the cosmological star formation history. Dynamical in-
teractions in the high density regions can form binary black holes
and also can drive them to be tightened until these binaries enter
the relativistic regime (Samsing, Hamers & Tyles 2019). A number
of numerical studies have confirmed the role of internal dynamics
in the formation and evolution of binary black hole as gravitational
wave sources (Morscher et al. 2015; Askar et al. 2017a; Hong et al.
2018). Especially, Hong et al. (2018) found an empirical relation
between merging binary black hole production and the host glob-
ular clusters’ properties, based on a large set of Monte-Carlo clus-
ter simulations. They suggested that the number of binary black
hole mergers is closely correlated to the cluster’s mass, half-mass
radius and binary fraction. These findings can give us a clue for
the link between the gravitational wave detection in this epoch and
the formation of globular clusters in the early Universe (see also
Fujii, Tanikawa & Makino 2017; Choksi et al. 2019; Mapelli et al.
2019).
However, it is also possible for a very dense stellar sys-
tem to form an intermediate-mass black hole (IMBH). Since
early 2000s, there have been lots of theoretical and observa-
tional efforts to prove the presence of IMBHs in globular clusters
(e.g. Miller & Hamilton 2002; Portegies Zwart & McMillan 2002;
Baumgardt, Makino & Hut 2005; Gebhardt, Rich & Ho 2005;
van der Marel & Anderson 2010). The most probable formation
channel suggested by theoretical studies is the runaway collisions
of massive stars in early globular clusters. The collisions can lead
to a rapid formation of very massive object, which can grow to
an IMBH by mergers with other stars (Portegies Zwart et al. 2004;
Sakurai et al. 2017; Sakurai, Yoshida & Fujii 2019). More recently,
Giersz et al. (2015) numerically confirmed two IMBH formation
scenarios. One is the fast scenario which corresponds to the run-
away collision scenario as mentioned above. The other one is the
slow scenario (for the review, see Greene, Strader & Ho 2019). In
this scenario, IMBHs form later by mergers of black holes in the
post core-collapse phase of long-term evolution of globular clusters
(see also Antonini, Gieles & Gualandris 2019). This can happen in
less dense clusters than those where the IMBH formation occurs via
runaway collisions. Radio observations looking for accretion signa-
tures of an IMBH in Galactic globular clusters have found no evi-
dence for their presence (Tremou et al. 2018). Previously, the dis-
cussion on the presence of IMBHs relied on indirect evidence from
the kinematic structure of stars at the central regions of globular
clusters (e.g. Gerssen et al. 2002; Anderson & van der Marel 2010;
Lu¨tzgendorf et al. 2011; Lanzoni et al. 2013; Askar et al. 2017b;
de Vita et al. 2017). However, a recent tidal disruption event is ex-
pected to open a new window to search and prove IMBHs in glob-
ular clusters (Lin et al. 2018) in the interim before the construction
and operation of deci-Hz gravitational wave detectors which will
target intermediate mass ratio inspirals (see Arca Sedda et al. 2019,
and references therein).
In this paper, we explore the effects of the formation and
growth of IMBHs on the dynamical formation of stellar mass
black hole binaries from globular clusters as progenitors of grav-
itational wave events. The existence of a massive black hole at
the central region of a stellar system can affect the dynamical
evolution of the host system overall. The kinetic energy gener-
ated by the gravitational interactions between the massive black
hole and stars at the vicinity can make the whole cluster ex-
pand (Baumgardt, Makino & Ebisuzaki 2004a,b). The presence of
a massive black hole at the center can prevent the core collapse,
and the three-body binary formation is also suppressed. The mass
segregation procedure also becomes inefficient with an IMBH
as noted by Baumgardt, Makino & Ebisuzaki (2004b). Moreover,
strong gravity of an IMBH can disrupt binaries around the sphere
of influence (Trenti et al. 2007). Since all these processes are very
crucial for the formation and hardening of black hole binaries to
become gravitational wave merger progenitors, the presence of the
IMBH is expected to play a significant role in shaping the popula-
tion of black hole binaries as gravitational wave sources.
The paper is organized as follows. In Section 2 we describe
the numerical code and globular cluster models used in this work.
In Section 3, we present the effects of IMBHs on the binary
black hole merger population. We investigate, in Section 4, the
underlying astrophysics that induces the phenomena observed in
the simulations and propose a new correlation including the effects
of IMBHs. Finally, we draw our conclusions in Section 5.
2 METHODS AND MODELS
In this study, we made use of the results for around two thou-
sand star cluster models that were simulated with the MOCCA
code (Hypki & Giersz 2013; Giersz et al. 2013) for star cluster
evolution as part of the MOCCA-SURVEY Database I (Askar et al.
2017a). The MOCCA code is based on Michel He´non’s Monte
Carlo method (He´non 1971a,b) which was further improved by
Stodolkiewicz (1982, 1986) and Giersz (1998, 2001); Giersz et al.
(2013). This method combines a statistical treatment for relax-
ation with the particle based approach of direct N-body simula-
tions to follow the long term dynamical evolution of spherically
symmetric stellar clusters on a timescale which is a fraction of
the cluster’s relaxation time. The particle based approach of this
method allows for inclusion of a number of physical processes
that are important for following the evolution of a realistic glob-
ular cluster. The MOCCA code incorporates stellar and binary evo-
lution prescriptions from the SSE (Hurley, Pols & Tout 2000) and
BSE (Hurley, Tout & Pols 2002) codes. For computing the out-
come of strong dynamical binary-single and binary-binary encoun-
ters, MOCCA use the FEWBODY code (Fregeau et al. 2004) which is
a direct N-body code for simulating small-N gravitational dynam-
ics and carrying out scattering experiments. Additionally, the code
also incorporates the escape process in a static tidal field based on
prescriptions from Fukushige & Heggie (2000). For the tidal field,
a point mass approximated Galactic potential is assumed and the
star cluster is placed on a circular orbit at a given Galactocentric
radius.
The main advantage of the MOCCA code and the Monte Carlo
method is computational speed, a realistic globular cluster with
more than a million stars with a high initial binary fraction can
be simulated up to a Hubble time within a week. Detailed com-
parison between results of evolved star cluster models simulated
with the MOCCA code and direct N-body simulations show re-
markable agreement for the evolution of both global properties and
populations of specific objects and stars (Giersz & Spurzem 2003;
Wang et al. 2016; Madrid et al. 2017; Giersz et al. 2019).
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Due to the speed of the MOCCA code, it is well suited for
parameter space exploration and checking how changes in initial
conditions for globular cluster models can influence the formation
and retention of specific populations of stars and compact objects.
Additionally, the influence of those initial conditions on the long
term dynamical evolution of the cluster can also be thoroughly
investigated with these results. The MOCCA-SURVEY Database I
(Askar et al. 2017a) project is a collection of about two thousand
evolved star cluster models with different initial parameters that in-
clude the number of stars, fraction of binary systems, distribution
of initial binary parameters, metallicity, central density, half-mass
radii, tidal radii, and different assumptions for natal kicks of black
holes.
The initial conditions of the simulated star cluster models
are provided in Table 1 in Askar et al. (2017a). These models
have initial number of objects (single stars and binary systems) of
4 × 104, 1 × 105, 4 × 105, 7 × 105 and 1.2 × 106. The initial
binary fraction for the models were 5, 10, 30 and 95 per cent.
All these models were initially King (1966) models with initial
concentration parameter (W0) values of 3, 6 and 9. For each
model, we had used initial tidal radius values of 30, 60 and 120 pc.
Depending on the combination of cluster mass and tidal radius, the
Galactocentric distances for these models ranged between 1 kpc
to up to about 50 kpc. The half-mass radii of tidally underfilling
models ranged from 0.6 pc to 4.8 pc. A smaller number of
tidally-filling models were also simulated in which half-mass
radius values ranged from several to up to few tens of pc. For
models with 5, 10 and 30 per cent primordial binary fraction, the
semi-major axis distribution is uniform in logarithm with values of
up to 100 AU. The initial binary eccentricity distribution is thermal
and mass ratio distribution is uniform. For models with 95 per
cent primordial binary fraction, the initial binary parameters are
set according to the distributions provided by Kroupa (1995a,b).
For each cluster model, the zero age main sequence (ZAMS) mass
of stars was sampled between 0.08 M⊙ to 100 M⊙ according to
the two-component initial mass function (IMF) given by Kroupa
(2001). The metallicity (Z) values for the simulated models were
0.0002, 0.001, 0.005, 0.006 and 0.02, with 0.001 being the most
frequently used value. For all models, neutron star natal kick
velocity follows a Maxwellian distribution (with σ = 265 km s−1)
based on observations of pulsar proper motions (Hobbs et al.
2005). For black holes, nearly a half of the models uses the same
natal kick distribution as neutron stars and for the other half,
the natal kicks are modified according to the mass fallback pre-
scription provided by Belczynski, Kalogera & Bulik (2002). This
prescription leads to higher average of mass of black holes and also
reduces their natal kicks which results in higher retention fractions
in the simulated cluster models (Arca Sedda, Askar & Giersz
2018; Askar, Arca Sedda & Giersz 2018).
3 RESULTS
3.1 MOCCA-SURVEY cluster models
In order to investigate the effects of intermediate mass black hole
formation on the binary black hole merger events, we first reduce
the survey models having similar conditions and assumptions. For
example, Askar et al. (2017a) found that the number of mergers
strongly depends on the fallback during the supernova explosion
which determines the final mass of the black hole and influences
Figure 1. Distribution of central density for the models considered in this
study. Red and blue histograms represent the distribution of models with an
IMBH via the fast and slow formation scenarios, respectively.
Figure 2. The actual number of escaping merging binary black holes as
a function of γdyn parameter which gives the expected number of merg-
ing black holes formed dynamically in globular clusters. The definition
of γdyn is taken from Hong et al. (2018). Open circles correspond to the
simulation models used in Hong et al. (2018) and filled circles are for the
MOCCA-SURVEY models selected in this paper from Askar et al. (2017a).
Note, however, that MOCCA-SURVEY models with an IMBH are excluded
in this figure for direct comparison. Dashed lines represent 2 times of the
Poisson error in numbers. Different colors represent the metallicity.
the natal kick that the black hole receives. Models with fallback
prescriptions lead to lower kicks and higher probability of black
hole retention in the cluster. In this paper, we limit our focus to the
models with the fallback prescription considered. The metallicity is
also important by affecting the wind mass-loss at the giant phases.
Askar et al. (2017a) also revealed that there is a discrepancy in the
population of binary black hole mergers between solar and sub-
solar metallicity (for more details on the metallicity dependence of
the merger population, see e.g. Giacobbo, Mapelli & Spera 2018;
Chatterjee et al. 2017; Di Carlo et al. 2020). Thus, we finally se-
lect 702 models with Z = 0.0002, 0.001, 0.005 and 0.006 lower
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Same as Fig. 2 but only for the modes with the IMBH formation.
Different colors indicate the IMBH mass at 12 Gyr and different symbols
show the formation scenario either fast (circle) or slow (star). Downward
arrows represent models with an IMBH but no escaping merger.
than the solar metallicity (Z⊙ = 0.02). But we take full variety
of other parameters such as the number of stars, tidal radius, tidal
filling factor, dimensionless King (1966) concentration parameter
W0, and the binary fraction as mentioned in Section 2.
We start our presentation by showing the distribution of mod-
els used in the analysis. Fig. 1 shows the number of models used
for the investigation in this paper as a function of initial central
density. The number of models peaks at the middle range of the ini-
tial central density (∼ 104 M⊙pc
−3). In this figure, we also show
the central density distribution of models hosting an IMBH which
have grown by the fast or slow scenarios. We assume that all glob-
ular clusters form 12 Gyr ago, and define models with IMBHs by
whether the most massive object at 12 Gyr exceeds 200 M⊙. The
formation scenario is determined by the maximum black hole mass
at 1 Gyr (see also section 2.1 in Greene, Strader & Ho 2019). If the
IMBH seed black hole mass becomes more massive than 200M⊙
2
before 1 Gyr, we classify these models as fast formation cases. On
the other hand, the models whose seed IMBH black holes form
after 1 Gyr are regarded as slow formation cases. Under this def-
inition, there are 117 fast formation cases and 43 slow formation
cases. It is clear from Fig. 1 that the IMBH formation by fast sce-
nario needs higher central density than that by the slow scenario.
3.2 IMBH and stellar mass black hole merger population
Before investigating the effects of IMBHs, we need to quantify the
expected number of binary black hole mergers for all survey mod-
els. There is a sophisticated correlation formula between the clus-
ter parameters and the number of mergers among the escaping bi-
nary black holes (Hong et al. 2018). They found that the number
of black hole binaries which form and escape dynamically through
2 This criterion for the IMBH formation is an arbitrary value currently.
According to Spera & Mapelli (2017), the black hole mass from the stellar
evolution of very massive stars at low metallicity can be larger than 200
M⊙. We plan to develop a better classification between the fast and slow
formation cases by upgrading stellar/binary evolution recipes.
Figure 4. The ratio of escaping black hole binary mergers to the expectation
as a function of the IMBH mass fraction with respect to the initial cluster
mass. Symbols are the same as Fig. 3 but colors represent the initial central
density. The dotted line is not a fitting but to show the trend.
binary encounters and eventually merge within 12 Gyr is not sensi-
tive to the tidal field, binary fraction and distribution of host globu-
lar clusters, but tightly correlated with the initial total mass and the
half-mass density by following
γdyn ≡ A ·
M0
105M⊙
×
( ρh
105M⊙pc−3
)
α
, (1)
with fitting coefficientsA = 12.3 and α = 0.333 whereM0 and ρh
are the initial total mass and the half-mass density. Fig. 2 manifests
how this correlation works well for the MOCCA-SURVEY models
without the IMBH formation. Interestingly, MOCCA-SURVEYmod-
els have three choices of King (1966) concentration W0, but, as
shown in the figure, there is no significant spread of correlations
against the concentration compared to Hong et al. (2018) which
used one concentrationW0 = 7. We also note from Fig. 2 that there
is no major effects of the different metallicity on the correlations.
Then, we apply this correlation to the MOCCA-SURVEYmodels that
form IMBHs during their lifetime.
In Fig. 3, we show that the number of escaping merging binary
black holes in the models with an IMBH is smaller than that with-
out the IMBH. The degree of discrepancy becomes larger for the
models with more massive IMBHs. For instance, when the IMBH
mass at 12 Gyr is greater than∼ 2×104 M⊙, the number of merg-
ers is reduced by a factor of 10 overall compared to the prediction.
Another interesting remark is that for the cases with slow IMBHs,
there is no significant difference in the expected number of mergers
with respect to non-IMBH cases.
Fig. 4 interprets the impact of the IMBH formation and its
mass buildup on the binary black hole merger production. This fig-
ure shows the ratio of the number of mergers to the prediction from
the formula as a function of the final mass fraction (at 12 Gyr) of
IMBHs compared to the clusters’ initial mass. While the number
of mergers is similar for the cases with the final IMBH mass less
than 1 per cent of the initial cluster mass, the ratio systematically
3 Note that in their study, in-cluster mergers are not included in the deriva-
tion of the correlation. The correlation formula can be different when in-
cluding in-cluster mergers (see e.g. Antonini & Gieles 2020).
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Figure 5. Number distribution of the most massive object in the cluster at
the escaping time of merging black hole binaries formed dynamically. The
peak locates around 30M⊙. About 10 per cent of binary black holes escape
when the maximum mass object is more massive than 200 M⊙. Dashed
line presents the same distribution but from the cluster models which host
IMBHs at 12 Gyr.
drops as the final IMBH mass fraction becomes larger. We note
that the the final IMBH mass fraction and the reduction of merger
population become more significant as the initial central density in-
creases. It is also consistent with the finding in Fig. 3 that models
with the fast IMBH formation produce less mergers than non- or
slow IMBH formation cases. Therefore, there might be some dis-
crepancies in the dynamical history for IMBH growth between fast
and slow cases. In contrast with fast IMBH formation cases, the
seed IMBHs for slow formation cases usually form around the core
collapse of the entire system when nearly all black holes have al-
ready escaped (Giersz et al. 2015). Thus, the escaping binary black
holes and subsequent mergers are not influenced by the presence
of IMBHs in their formation, which will be discussed in the next
section.
4 DISCUSSION
4.1 How do IMBHs affect the merger population?
Since most of escaping binary black holes were produced and
ejected from stellar systems at the very beginning of cluster evo-
lution (Askar et al. 2017a; Hong et al. 2018), the presence of an
IMBH at 12 Gyr does not necessarily mean that binary black holes
were affected by the IMBH at the moment of escape. In order to
understand the discrepancy in the binary black hole merger produc-
tion between the fast and slow scenarios, we present the mass of the
most massive object in the system when black hole binaries escape
from the system in Fig. 5. As shown in this figure, almost all (2171
out of 2377) black hole binaries escape when the most massive ob-
ject is less massive than 200 M⊙, but still there are few black hole
binaries ejected from the system with very massive IMBHs (> 103
M⊙). It is obvious that binary black holes can escape under the
presence of IMBHs, but even in these cases, most of binary black
holes escape before the formation and growth of the IMBH.
In Hong et al. (2018), some possible explanations were pro-
posed for the effects of IMBHs on the black hole binary formation:
Figure 6. Sum of black hole masses for two representative models with
(black lines) and without (orange line) the IMBH formation. The black solid
line represents the total mass of all black holes in the clusters. The black
dotted and dashed lines show the mass of stellar mass black holes and of
the IMBH, respectively.
depletion of massive main sequence stars by runaway mergers, pre-
vention of binary black hole formation by the strong gravity, and
ejection of black holes as singles after gravitational interactions at
the vicinity of IMBHs. To test this idea, we compare two models
whose simulation parameters are almost identical but one forms an
IMBH while the other does not. We select two clusters with the
same simulation parameters except for the different concentration
W0 = 3 and 9. According to prediction based on the equation 1,
they are supposed to produce similar numbers of escaping merging
binary black holes, which is 118. However, the actual numbers of
mergers are 7 for the IMBH case (W0 = 9) and 121 for the non-
IMBH case (W0 = 3).
Fig. 6 shows the total mass of black holes, either an IMBH
or stellar mass black holes. The total mass of black holes directly
after the stellar evolution of progenitor stars has finished is similar
between two cases. The number of black holes formed via stellar
evolution is not very different between two cases, which infers that
the first hypothesis, the depletion of massive main sequence stars by
runaway mergers, from Hong et al. (2018) is not the case. For the
non-IMBH case, the total black hole mass remaining in the system
quickly reaches a peak and decreases continuously as black holes
escape from the system. On the other hand, for the model with an
IMBH, the IMBH mass immediately goes to over 104 M⊙ in 50
Myr as a consequence of runaway mergers into the seed IMBH.
The total mass of stellar mass black holes rapidly decreases until
∼5 Gyr, but the total black hole mass remains nearly constant. It
indicates that most of stellar mass black holes have been eaten up
by the IMBH instead of escaping. In the same time, the IMBHmass
keeps growing and well exceeds the initial black hole mass via stel-
lar evolution (∼ 2×104 M⊙). After 5 Gyr, the IMBH growth slows
down, and only tiny fraction of stellar mass black holes remains in
the cluster.
We describe the fraction of black hole populations at 12 Gyr
as a function of the central density at the beginning in Fig. 7. The
number of escaping black holes is significantly reduced when there
is a massive IMBH in a cluster. We note that, in the context of bi-
nary black hole mergers as gravitational wave sources, the binary
c© 0000 RAS, MNRAS 000, 000–000
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Figure 7. The number fraction of black holes in different populations at
12 Gyr as a function of the central density. We accumulate all black holes
from corresponding models. Red, orange, green and blue boxes represent
the fraction of black holes in forms of remainders, in-cluster mergers, sin-
gle escapers and binary escapers, respectively. Dashed lines show the frac-
tions of binary black hole escapers merging via gravitational waves within
a Hubble time.
fraction among the escaping black holes is also important as much
as the absolute number of escaping black holes. We sum up entire
black holes from all the models in the corresponding central den-
sity ranges. For the low density cases, approximately 10 per cent
of black holes still remain in the cluster, which might be the left-
overs of black hole subsystems (Arca Sedda, Askar & Giersz 2018;
Askar, Arca Sedda & Giersz 2018; Giersz et al. 2019). About 20
per cent of the black holes disappear as they merge with another
black holes by the binary stellar evolution or gravitational wave
events. 3/4 of black holes escape from the system, 20 per cent of
the escaping binaries are in binaries and 20 per cent of the escap-
ing black hole binaries eventually merge subsequently with grav-
itational waves. The fraction of remaining black holes decreases
with increasing central density. Both the escaping fraction and the
binary fraction among the escaping black hole increase with the
central density until 105 M⊙pc
−3 because of the shorter relax-
ation time, higher encounter rates at the center (see also figure
8 in Morscher et al. 2015). The binary fraction of escaping black
holes reaches 30 per cent at 105 M⊙pc
−3, which is consistent
with the values from the literature (e.g., Bae, Kim & Lee 2014;
Morscher et al. 2015).
When the initial central density exceeds 106 M⊙pc
−3, on the
other hand, the IMBH formation plays a more important role. In
this density range, the in-cluster merger is the most major factor of
vanishing the black hole population. As shown in Fig. 6, the mas-
sive IMBH seeds formed through the runaway stellar collisions can
consume a significant fraction of stellar mass black holes in the sys-
tem for their mass buildup. The number of escaping black holes de-
creases with the central density, especially by the fast IMBH forma-
tion cases. Moreover, the fraction of binaries among the escaping
black holes also decreases by a significant fraction. At the vicin-
ity of the IMBH, black holes are rather captured by the IMBH
instead of forming stellar mass black hole binaries, and the bi-
nary of the IMBH and a black hole can eject other single black
holes via the strong gravitational interactions (Leigh et al. 2014).
Therefore, the black hole population at the vicinity of the IMBH
Figure 8. The modified correlation between the number of escaping merg-
ing binary black holes and the predicted numbers based on the equation 2,
for the entire set of simulation models. Colors and symbols are the same as
Fig. 3 for IMBH cases, and non-IMBH cases are indicated as open circles.
The dashed and dotted lines are 2 times and 5 times of the Poisson errors
away from the diagonal line. The inset plot displays the histogram of dif-
ferences of numbers to the predictions normalized by their Poisson errors.
The red line shows a Gaussian distribution.
is quickly depleted. For stellar mass black hole binaries segregated
from the outer region, exchange encounters with the IMBH can
lead to the capture of one black hole and the ejection of its compan-
ion (Gualandris & Portegies Zwart 2007). However, once a binary
black hole has safely escaped from the strong gravity of the IMBH,
such binary should be a very hard one and will merge within a Hub-
ble time as shown in Fig. 7.
4.2 Modified correlation including IMBH cluster models
In the previous sections, we described that the rapid formation and
growth of the IMBH can reduce the binary black hole merger pop-
ulation significantly. From the Figs. 1 and 7, we can infer that the
impact of IMBHs via the fast formation becomes strong when the
initial central density exceeds 106 M⊙pc
−3. Therefore, the cor-
relation formula from the equation 1 can be modified by taking a
factor into account as
γ′dyn ≡ γdyn ×
(
1 +
ρ2c,0
ρ˜2c
)− 1
2
, (2)
where ρc,0 and ρ˜c are the initial central density and a fitting pa-
rameter, respectively. We find ρ˜c = 10
5.92 M⊙pc
−3 for the best
fitting. The equation gives γ′dyn ∼= γdyn for ρc,0 ≪ ρ˜c and
γ′dyn ∼= γdyn(ρ˜c/ρc,0) for ρc,0 ≫ ρ˜c. Fig. 8 shows the correla-
tion between the number of escaping merging binary black holes
for the entire set of models and the expected numbers driven by
the modified formula in equation 2. The distribution of models is
slightly broader than that of non-IMBH cases from Fig. 2. In the
inset of Fig. 8, we present a histogram of the difference between
the number of mergers and the prediction, which is then normal-
ized by the square-root of the predicted numbers that corresponds
to the Poisson error. It follows well a Gaussian distribution with
some excesses in the tails, which is due to the stochastic effects
of the formation and growth of IMBHs. As shown in Fig. 1, non,
slow and fast IMBH cluster models are not clearly separated in the
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range of initial central density between 104 and 106 M⊙pc
−3. In
addition, the degree of reduction for fast IMBH models can be de-
termined by the final IMBH mass but highly unpredictable with an
order of magnitude uncertainty (see Fig. 4).
It is very challenging to predict the formation and growth of
IMBHs and the consequent reduction of merger production for
individual globular clusters directly from their initial conditions.
However, the accumulation of binary black hole mergers from a
huge number of globular clusters will follow the prediction from
the equation 2. Hong et al. (2018) has explored the merger rate den-
sity in the local Universe by using various assumptions concerning
the properties of initial globular cluster systems such as distribu-
tions of the clusters’ initial mass and half-mass radius. In order to
examine the effects of the IMBH formation on the local merger rate
density, we repeat the same calculation with the modified correla-
tion formula. We take W0 = 6 as a representative value, and the
initial globular cluster mass function following a Schechter (1976)
function with a minimum mass 103 M⊙ and a cut-off mass 10
6.5
M⊙. According to these assumptions
4 , the local merger rate den-
sity can be reduced by a factor of ∼2 by considering the effects of
IMBH formation.
We note that the prescription and assumptions for the forma-
tion and growth of IMBHs used in this survey might be somewhat
unrealistic (Askar et al. 2017b). The IMBH mass growth efficiency
is set to 100 per cent and the recoil kick after gravitational wave
mergers is ignored. However, the mass growth efficiency for
mergers between IMBH and stellar mass black holes can be 95
per cent according to the current gravitational wave detections.
The mass growth of seed IMBHs via tidal captures also can be
very efficient (Stone, Ku¨pper & Ostriker 2017). Moreover, the
merger recoil kick can be negligible for IMBH-stellar mass black
hole mergers if the mass ratio q < 0.1 (Morawski et al. 2018).
Although the assumptions used in the survey can affect the early
growth and retention probability of seed IMBHs, the effect will
be less significant once IMBHs have become sufficiently massive.
We emphasize that the main purpose of this study is to investigate
the effect of IMBHs on the formation and mergers of stellar mass
black hole binaries, but not to provide the prediction of the overall
detection rate changed by IMBHs in the cosmological context
since our understanding on the formation and growth of IMBHs in
globular clusters is still very limited.
5 SUMMARY AND CONCLUSION
In this paper, we have explored a large set of Monte-Carlo cluster
simulation survey results to investigate the effects of the formation
and growth of intermediate mass black holes (IMBHs) in globular
clusters on the population of stellar mass black hole binaries, in
the perspective of their subsequent escapes and mergers by gravi-
tational wave emission which is one of the main targets of ground
based gravitational wave detectors.
According to recent numerical studies, it has been confirmed
that the production rate of binary black hole mergers from globular
clusters is well correlated with the total mass and stellar density at
the beginning. However, we have revealed that the production rate
4 We only consider the ‘small’ size distribution from Hong et al. (2018),
based on Marks & Kroupa (2012). Due to the much lower density for the
‘large’ size distribution (Larsen 2004), there is no discrepancy in the local
merger rate density with the IMBH correction.
is significantly reduced when the host globular cluster forms an
IMBH. The degree of reduction increases up to two orders of mag-
nitude if the IMBHmass at present-day exceeds 104 M⊙ and/or the
final IMBH mass fraction compared to the initial total mass of host
globular cluster becomes larger than 1 per cent. On the other hand,
if the IMBH mass is not massive enough or its seed black hole
forms later than 1 Gyr, then the production rate of black hole bi-
nary mergers is similar to that for non-IMBH cases. It is interesting
that this discrepancy also corresponds to the different IMBH forma-
tion scenario, the fast and slow formation scenarios by Giersz et al.
(2015). We found that the IMBH formation via the fast scenario
frequently happens with a very large initial central density. The
fraction of the final IMBH mass compared to the initial total cluster
mass also depends on the initial central density.
We checked that about 90 per cent of binary black holes merg-
ing within a Hubble time escape before IMBHs form and grow.
This would make us able to draw a conclusion that the formation
of an IMBH and the production of stellar mass black hole binaries
compete each other in the beginning of clusters’ dynamical evolu-
tion. Once an IMBH forms inside a globular cluster, stellar mass
black holes rather merge into the IMBH or are ejected out as sin-
gle black holes by strong gravitational interactions between stars
at vicinity and the IMBH. Even existing black hole binaries seg-
regated from the cluster outskirt are disrupted instead of becom-
ing tightened. Thus, the presence of IMBHs leads to the significant
reduction of binary black hole merger population via not only de-
creasing the number of escaping black holes but also by ejecting
black holes as single objects. For the most extreme cases with the
initial central density over 107 M⊙pc
−3, only one third of black
holes can escape from the system and 10 per cent of escaping black
holes are in binaries on average.
Based on the survey results, the correlation between the num-
ber of escaping merging binary black holes from Hong et al. (2018)
has been corrected by applying a factor which is expressed by the
initial central density. We then estimated the overall merger rate
density in the local Universe and found that it can be reduced by a
factor of 2 for given initial cluster mass function, cluster size dis-
tribution and the dimensionless concentration parameter. In order
to apply our findings for the impact of IMBHs to the overall detec-
tion rate estimation, however, future confirmation of the presence
of IMBHs and better knowledge of their populations in globular
clusters by, such as, tidal disruption events and intermediate mass
ratio inspirals will be needed (see e.g. Fragione et al. 2018).
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